In this work, the uplink of a CDMA system with two user classes is considered. One of the classes consists of delay intolerant users requiring support for a constant information bit rate R, while the other consists of delay tolerant users needing support for an information bit rate of at least R m . It is assumed that when not transmitting information, both classes maintain synchronization contact with the base station at a rate R 0 . The objective is to maximize the throughput of the delay tolerant users, while ensuring that the interference to other cells is as low as possible by minimizing the sum of all the transmit powers used by the mobiles. Two transmission modes for the delay tolerant users are considered. In the first mode, which is used in conventional CDMA systems, all the users are allowed to transmit information when they wish. In the second mode, the transmissions of the delay tolerant users are scheduled, so that only a limited number of them are transmitting information at any given time instant. It is shown that the second transmission mode, which tends towards a hybrid CDMA/TDMA scheme for the delay tolerant users, affords a better throughput while imposing the same average power requirements as conventional transmission. The results in this paper can be interpreted using the results from previous work based on information theory.
Introduction
Present cellular systems have primarily been optimized for voice transmission. Future systems, however, will be geared for multimedia services, and will be required to support sources with a variety of rates and quality-of-service requirements. In this work, a special case of the above, namely, a CDMA system with two classes of users, is considered.
The CDMA system under consideration uses a total spreading bandwidth of W Hz, and is required to support two classes of users having the following properties :
Class 1 : The users in this class are delay intolerant. When transmitting information, they require support for a constant bit rate of R bits/sec; they can tolerate a bit error rate of at most P b .
Class 2 : The users in this class are delay tolerant. When transmitting information, they require support for a bit rate of at least R m ; they can tolerate a bit error rate of at most P b1 .
Both classes : When not transmitting information, it is assumed that the users still communicate with the base for synchronization purposes. The bit rate used in this synchronization mode is denoted as R 0 bits/sec for both classes, and is referred to as the "idle rate". It is assumed that R 0 < R; R 0 < R m .
In an actual system, classes 1 & 2 could represent voice and data users, respectively. In the following exposition, an activity factor of unity is assumed for all the users; this model can be readily extended. This corresponds to the worst case situation of all the users wanting to transmit information all the time.
Our objective is twofold :
(1) To assign the transmit powers to the mobiles in a cell such that the sum of their powers is minimized; this minimizes the interference caused to other cells.
(2) At the same time, to assign the class 2 rates and arrange the transmissions so as to maximize each class 2 user's average throughput.
The constraints needed to satisfy Objective (1) have been studied in [1] . This paper focuses on Objective (2), using the results in [1] as a starting point. In particular, two transmission modes for the class 2 users are considered and compared. In the first mode, which is the mode used in conventional CDMA systems, a class 2 user is allowed to transmit information whenever it wishes; this transmission mode serves as the baseline for comparison. The second transmission mode tends towards hybrid CDMA/TDMA for the class 2 users : here, the class 2 transmissions are time-scheduled such that only a limited number of them are transmitting information simultaneously. Hence, a scheme resembling TDMA is used to distinguish between the class 2 users within a cell; CDMA is used to separate class 1 and class 2 users within a cell, and to suppress the effect of the users in one cell on another. The main result of this paper is that under most conditions, the time-scheduled transmission mode leads to significant per-user throughput gains for the class 2 users, while requiring the same per-user average power as conventional transmission. An interesting comparison can be made between our approach and some recent information theoretic results on optimal cellular capacity in [2, 3] . Although the contexts of these works are each somewhat different from that of this paper, a simplified interpretation gives their essence as saying that to achieve capacity, a necessary condition is to separate users in a cell and share the available bandwidth between cells 1 . Thus, the time scheduled transmission mode for the class 2 users presented here may be viewed as a constructive approach tending toward what is indicated by information theory. Further, we show how additional constraints (such as synchronization requirements) place limits on the achievable gains.
The organization of the paper is as follows. Section (2) reviews previous work to establish conditions for the existence of a minimum total transmit power solution. The problem of maximizing the class 2 throughputs is considered in Section (3). Numerical results are presented and discussed in Section (4), followed by conclusions and future work in Section (5).
Constraints for the existence of a minimum total power solution
We consider a situation where k c class 1 and k v class 2 users are present in the system (the subscripts "c" and "v"denoting constant and variable bit rate (CBR and VBR) respectively). The numbers k c and k v are assumed to be "maximal", i.e, such that the addition of any further users will render them insupportable (at the required rates and bit error probabilities) simultaneously. Clearly, this corresponds to a situation where each of the class 2 users achieves a bit rate of R m , the minimum allowed. In addition, we assume in this initial exposition that there is no upper limit on the instantaneous power that a mobile may use for transmission. In previous work [1, 4, 5] , it is shown that a solution to the minimum total transmit power problem exists in this case if and only if are the (instantaneous) signal-tointerference ratios (SIR's) that are required to be received by the i th VBR and CBR user respectively. We assume the presence of perfect power control in this initial work. Thus, the received SIR's are 
Hence, given that k c class 1 users are present, the number k v of class 2 users supportable can be derived from (2) . The transmit powers assigned to the users will then be such that 1 Joint decoding or interference cancellation, which are not considered in this paper, are also indicated by the information theoretic results.
Each class 1 user will achieve an SIR of exactly , translating to a bit error rate of P b ; similarly, each class 2 user will have a received SIR of exactly 1 , giving a bit error rate of P b1 .
The transmit powers will be such that their sum is as small as possible; hence, the interference to other cells is minimized. The exact expressions for the transmit powers are derived in [1] , and will be made use of later in this work.
It is assumed that admission control will handle the task of ensuring that the number of users of each class satisfy the constraint in (2) . We now consider the other objective, which is to maximize the throughput of the class 2 users.
Maximization of Class 2 throughput
We consider a situation in which one has k c class 1 users and k 1 k v class 2 users present. We consider the following two transmission modes for the class 2 users.
Mode 1 : Unscheduled class 2 transmissions
In this mode, all k 1 of the class 2 users are allowed to transmit simultaneously, each at a rate R 1 . It may be noted that this is the transmission mode followed in present systems, and serves as the baseline mode for comparison. Following constraints (1, 2), let the rate R 1 be chosen such that
This corresponds to increasing the transmission rate of each class 2 user to the maximum possible value; at this point, the system is equivalent, from the point of view of constraint 1, to the fully loaded case (which has k c class 1 and k v class 2 users). From (3), it can be shown that the corresponding rate R 1 of the class 2 users is given by
Clearly, assuming a negligible number of retransmissions, R 1 is also the average throughput of each class 2 user. Using the expressions derived in [1] , the transmit powers assigned to the various users are given as follows :
1;i , the power assigned to user # i of class 1 (denoted by the superscript "c") in mode 1 (the subscript), is 
where h (v) i is the gain of user # i of class 2.
Mode 2 : Scheduled class 2 transmissions
Now, the class 2 transmissions are time-shared so that at any time instant, only k 2 of them are transmitting information, while the re- As mentioned before, the above physically corresponds to increasing the rate R 2 to the maximum possible value, at which point one has a fully loaded system. Using the above constraint, the rate R 2 can be derived as
Before expanding further on the average throughput being achieved, we digress to take note of the transmit powers being used in this mode. It may be noted, using constraint (7), that the quantity Y , which appears in Equations (5) and (6) remains unchanged. Hence, one has :
2;i , the power assigned to user # i of class 1 in mode 2, is 
where P
1;i is given as in Equation (5). Hence, as far as a class 1 user is concerned, the transmission modes 1 and 2 for class 2 users are identical. 2 Although it is conceptually possible to also schedule voice transmissions (treated as class 1) if the cycle time is short enough, it is instructive here to consider two distinct classes. k 1 account for the fractions of information transmission and plain synchronization times respectively. Using Equation (7), the above can be written as
P (v)
1;i is given as in Equation (6). Hence, one concludes that each class 2 mobile expends the same average power in either transmission modes (independent of the value of k 2 or R 0 used in mode 2 transmission). The peak power required in mode 2, however, is more than that in mode 1.
We now consider the average throughput achieved by the class 2 users. Using Equation (8) and assuming a negligible retransmission rate, this is given as
Clearly, one would like to maximize T by selecting the variables R 0 (idle rate) and k 2 (number of class 2 users allowed to transmit information simultaneously) appropriately. R 0 , however, will be determined purely by the system set up. Hence, one is only allowed to vary k 2 in order to maximize T . We make the following easily proven observation with regard to this maximization. In practice, the idle rate R 0 is such that cases 1 or 2 above (most often case 1) are of interest. Hence, this observation states that the throughput T achieved by the class 2 users in mode 2 is greater than that in mode 1, for a certain set of k 2 values. Also, this set of k 2 values always includes k 2 = 1, the k 2 value which maximizes T . From the previous discussion on the powers used, this increase in throughput is achieved by using the same average power per user as in mode 1 transmission. We will focus on the maximum throughput increase case k 2 = 1, which physically corresponds to allowing only one class 2 user to transmit information at any given time instant, and hence, to a scheme resembling TDMA for the class 2 users. Denoting the throughput T for k 2 = 1 by T 2 , one gets
Observation 1 Given a non-trivial
Finally, one has the throughput gain G measured by the ratio of mode 2 to mode 1 throughputs as
Results and Discussions

Numerical Results
In order to compute the throughput gain G for various situations, the system parameters were chosen to be as follows :
Spreading bandwidth W = 1:23M Hz.
Class 1 bit rate R = 9:6 Kbps, with a received SIR of = 5 (7 db).
Minimum class 2 bit rate, R m = 14:4 Kbps, with a received SIR of 1 = 10 (10 db).
Idle bit rate R 0 = 1:2 Kbps.
The number of class 1 users k c was taken to be the primary variable; based on this, the maximum number k v of class 2 users permitted was computed according to Equation (2) . The number of class 2 users in the system was then varied from 1 to k v , and the corresponding gain G was computed from Equation (12). The results are plotted in Figure (1) , for three values of k c , varying from a predominantly class 1 system to an entirely class 2 system. It is seen that when class 1 users predominate in the system, the gains offered are small (Figure (1a) ). However, as the fraction of class 2 users in the system increases, the per-user throughout gains offered by mode 2 transmission are quite substantial as compared to mode 1 transmission. A case in point is Figure (1b) , in which one has a situation with equal class 1 and class 2 populations as k c = k 1 = 7. In this case, mode 2 transmission offers a per-user throughput which is about 2.5 times that achieved in mode 1 transmission.
Discussions
It is clear that a special case of mode 2 transmission, in which only one class 2 user is allowed to transmit information at a time, offers significant per user throughput gains as compared to mode 1 transmission (or conventional transmission). Also, this throughput gain requires the same average power for each user. However, some additional complexity is added to the system; some of the requirements of mode 2 transmission are :
The class 2 mobiles must be capable of variable rate transmission, and the base station capable of the corresponding reception. Clearly, the rate to be used by the class 2 users will be decided and communicated to the class 2 users by the base station, using information about the population distribution in the system. In practice, the user population distribution may be a slowly changing variable, implying that the class 2 rate changes do not have to be effected too often.
There must be a mechanism to schedule class 2 transmissions. This can be achieved very simply by having the class 2 mobiles transmit in a "round-robin" fashion, with each mobile getting a fixed information transmission time of per cycle. The actual value of will be decided based on practical considerations such as, for example, the amount of buffer space to be provided at the mobile, the average number of class 2 users expected, etc. It may be noted that more sophisticated scheduling schemes, which exploit the traffic characteristics of the class 2 mobiles, can be designed on top of the basic scheme; this would lead to additional throughput gains.
The class 2 mobiles must be capable of "pulsed-power" operation, since their peak power requirement might be much more than their average power requirement.
It may be noted that the base station retains the flexibility to decide on the transmission mode. For example, in a particular situation, the system may be heavily loaded with class 1 users. Thus, the gains afforded by mode 2 transmission may not be significant in comparison to the effort. In this situation, the base station could order the class 2 mobiles to revert to mode 1 (unscheduled) transmission.
Conclusions and Future Work
This work considered the uplink of a CDMA system with two user classes. The first class consists of delay intolerant users requiring support for a constant bit rate; users of the second class are delay tolerant and require support for a variable rate above some minimum value. Both classes require some minimum bit error rate, and when not transmitting information, some synchronization rate to be maintained. Two transmission modes for the delay tolerant users were considered. In the first mode, which served as the baseline, the users are allowed to transmit when they wish. In the second, the transmissions of the delay tolerant users are scheduled so that only a limited number are transmitting information simultaneously. It was shown that in many cases of interest, the scheduled transmission mode offers a better average throughput per user than the baseline mode, while imposing the same average power requirements.
The ideas in this paper are being extended to deal with more realistic situations such as imperfect power control. The effects of user activity and peak power limits are also being incorporated. Also, generalizations of the results of this paper to situations with many user classes are being investigated.
